A high-density phylogenetic microarray (PhyloChip) was applied to track bacterial and archaeal populations through different phases of remediation at Ft. Lewis, WA, a trichloroethene (TCE)-contaminated groundwater site. Biostimulation with whey, and bioaugmentation with a Dehalococcoides-containing enrichment culture were strategies implemented to enhance dechlorination. As a measure of species richness, over 1300 operational taxonomic units (OTUs) were detected in DNA from groundwater samples extracted during different stages of treatment and in the bioaugmentation culture. In order to determine active members within the community, 16S rRNA from samples were analyzed by microarray and ∼600 OTUs identified. A cDNA clone library of the expressed 16S rRNA corroborated the observed diversity and activity of some of the phyla. Principle component analysis of the treatment plot samples revealed that the microbial populations were constantly changing during the course of the study. Dynamic analysis of the archaeal population showed significant increases in methanogens at the later stages of treatment that correlated with increases in methane concentrations of over 2 orders of magnitude. Overall, the PhyloChip analyses in this study have provided insights into the microbial ecology and population dynamics at the TCE-contaminated field site useful for understanding the in situ reductive dechlorination processes.
' INTRODUCTION
Chlorinated ethenes such as tetrachloroethene (PCE), trichloroethene (TCE), isomers of dichloroethene (DCE), and vinyl chloride (VC) are frequently detected contaminants in groundwater aquifers in the United States. 1 These compounds are toxic and carcinogenic 2 and removing them from the environment is a priority. There have been decades of effort to remediate chlorinated ethene-contaminated sites and in situ bioremediation is a promising strategy. 3 Bioremediation is a viable cleanup option because bacteria in the genus Dehalococcoides can reduce chlorinated ethenes completely to the innocuous end product ethene. 4À10 In the energy-generating dehalorespiration process of Dehalococcoides spp., chlorinated ethenes serve as electron acceptors, coupling hydrogen oxidation with growth (see references for a comprehensive review). 4, 11, 12 To date, the capability of dechlorinating beyond DCE to VC and ethene has been found to be restricted to the Dehalococcoides genus, even though a wide variety of other bacteria can catalyze the first two steps of PCE reduction.
The importance of Dehalococcoides spp. to bioremediation was demonstrated in field projects where the presence of Dehalococcoides spp. was correlated to the complete reduction of chlorinated ethenes to ethene. 14 In field sites where Dehalococcoides spp. with the appropriate reductive dehalogenases (RDases) are present indigenously, biostimulation via carbon sources and nutrients can lead to complete reduction to ethene, 15, 16 whereas in cases where Dehalococcoides spp. are absent, bioaugmentation with Dehalococcoides-containing cultures is required before the conversion to ethene occurs. 17, 18 Microbial interactions that occur within microbial consortia can potentially supplement Dehalococcoides spp. with essential macro and micro nutrients which are otherwise limiting. For example, Dehalococcoides spp. are obligated to utilize hydrogen as electron donor and acetate as carbon source, 19, 20 and these essential substrates can be generated by fermentation of exogenous carbon sources by various microbial species. 4 Known Dehalococcoides strains are also unable to synthesize corrinoids such as vitamin B 12 , that serve as crucial prosthetic groups of RDases, the proteins that allow Dehalococcoides to respire chlorinated ethenes. 19À21 Dehalococcoides spp. can also benefit other species within communities; for example, the low hydrogen threshold of Dehalococcoides spp. 22 can create a thermodynamically favorable environment for some fermentative organisms that might otherwise be inhibited by high concentrations of hydrogen.
Because of the importance of microbial interactions to sustained activity within bioremediation communities, a number of studies have reported the community structure of field samples and laboratory enrichment cultures undergoing reductive dechlorination. 16 ,23À37 Culture-independent methods such as gene sequencing, fluorescence in situ hybridization (FISH), terminal restriction-fragment length polymorphism (T-RFLP), chemical or temperature denaturing gradient gel electrophoresis (DGGE), and oligonucleotide microarray targeting the bacterial and archaeal 16S rRNA genes have commonly been used. These studies have shown that microbial communities undergoing dechlorination are diverse with membership governed by factors such as geochemistry, enrichment conditions, and treatment strategies. While results from these studies have provided insights into microbial community structures, they tend to underestimate community diversity since the applied techniques target dominant members of the communities.
In this study, analyses of community DNA and RNA using a high-density oligonucleotide microarray (PhyloChip) were coupled with a 16S rRNA clone library to study the in situ microbial ecology of a TCE dense-nonaqueous-phase-liquid (DNAPL) contaminated site at Fort Lewis, WA. The dynamics and gene expression of the functionally important Dehalococcoides populations at this site have previously been reported. 38 The purpose of this study was to examine the membership and dynamics of the microbial community that supports Dehalococcoides spp. during different phases of treatment in terms of relative gene abundance (DNA) and relative expression activity (RNA). Biostimulation with whey and bioaugmentation with a Dehalococcoides-containing culture were strategies implemented to promote bioremediation at this site. 38 Previous studies
39À42
have demonstrated that the PhyloChip can provide high resolution for elucidating microbial community structure and detecting active constituents; thus, providing a comprehensive analysis of the community dynamics.
' MATERIALS AND METHODS
Site Description and Treatment Procedures. Detailed description of the Ft. Lewis treatment site, treatment strategies implemented, procedures for sample collection, and the location and number of samples collected have been reported previously in Lee et al. 38 Briefly, two treatment plots were setup at a location where there were high concentrations of TCE-DNAPL and groundwater samples were collected from monitoring wells that were screened at different depths over a one year period. A total of 16 samples were collected from the two treatment plots. In addition, a single sample was taken during the February 2006 sampling from monitoring wells located 80 and 100 feet upstream and downstream of the treatment plot, respectively. The upstream well was isolated from any treatment manipulation and served as the background control against other samples that had been subjected to various levels of treatment manipulations. No deliberate treatment action was implemented near the downstream well and it only received residual carbon that was carried downstream by ambient groundwater flow from the treatment plot.
Biostimulation with whey (composed of 10 to 13% protein and 70 to 75% lactose) was performed on a monthly basis starting in June 2005 with different concentrations (10 or 100 g/L) during different treatment phases to plots 1 and 2. Bioaugmentation with 18 L of culture occurred one month after the initiation of biostimulation. The sampling schedule (Supporting Information Figure S1 ) within the treatment plots for molecular analyses was as follows: a baseline sample was collected two months prior to biostimulation Analytical Methods. Concentrations of chlorinated ethenes, organic acids, redox parameters, and geochemical composition were measured according to methods described elsewhere. 43 Nucleic Acids Extraction. Groundwater samples intended for genomic DNA (gDNA) extraction were collected in autoclaved 1-L bottles and shipped overnight on ice to the laboratory at the University of California, Berkeley as described previously. 38 A total of 16 groundwater samples were collected for gDNA analysis from both treatment plots during each sampling period. Groundwater samples intended for RNA extraction were filtered on site from selected monitoring wells at the time of sampling as described previously and shipped on dry ice. 38 The procedures to extract gDNA and total RNA have been previously described. 38 For the purpose of this study, equal masses of gDNA or total RNA were pooled from all samples collected from both treatment plots into a single sample and analyzed via PhyloChips to obtain a representative picture of the treatment plot at each sampling time point.
Amplification of 16S rRNA Genes for PhyloChip Analysis. The 16S rRNA genes were amplified from 105 ng of gDNA in each sample using the universal primers 27F (5 0 -AGAGTTT-GATCCTGGCTCAG-3 0 ) and 1492R (5 0 -GGTTACCTTGT-TACGACTT-3 0 ) for bacteria and 4Fa (5 0 -TCCGGTTGAT-CCTGCCRG-3 0 ) and 1492R for archaea. 39, 42 Each 25 μL PCR reaction mix contained 1Â Ex Taq buffer, 0.8 mM dNTP mix, 0.3 μM each of forward and reverse primers, 1 μg/μL of BSA, and 0.625 U Ex Taq hot-start DNA polymerase (Takara Mirus Bio, Madison, WI). A total of eight PCR reactions were set up for each sample for the respective bacterial and archaeal primer sets and each reaction was run at a different annealing temperature between 48 to 58°C to maximize the number of sequences that could be amplified. The PCR cycling protocol included: an initial denaturation step at 95°C (3 min), followed by 25 cycles of denaturation (95°C, 30 s), annealing (48 to 58°C, 25 s), and extension (72°C, 120 s), with a final extension at 72°C for 10 min. Keeping the bacterial and archaeal sets separate, the amplified products from the eight reactions for each sample were combined and concentrated by precipitation. The resuspended 16S rRNA PCR products were visualized and quantified on an Agilent 2100 bioanalyzer (Agilent, Palo Alto, CA) using the DNA 7500 chips according to the manufacturer's protocol.
16S rRNA Clone Library Construction. In order to identify active bacterial members in the microbial community, a clone library was constructed based on the expressed 16S rRNA genes. Total RNA collected from selected monitoring wells during the February 2006 sampling was pooled and two 0.24 μg-samples were reverse-transcribed in parallel using the SuperScript III First-Strand synthesis system (Invitrogen, Carlsbad, CA) as previously described. 38 Following reverse-transcription (RT), the two cDNA samples were combined and 2 μL of cDNA products were amplified in eight separate reactions with annealing temperatures between 48 to 58°C using the universal bacterial primers, PCR reaction mixture and thermo cycling protocol listed above. The amplified products were combined and the 16S rRNA band was quantified as described above. A parallel no reverse-transcriptase sample was prepared and no band was visible on the gel electrophoresis after RT-PCR, indicating no DNA contamination.
The clone library of the 16S rRNA gene PCR products was constructed with the TOPO TA cloning kit (with the pCR2.1-TOPO vector) (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. A total of 384 transformants were randomly picked and inserts were sequenced bidirectionally using M13-vector specific primers at the University of California, Berkeley sequencing center. Paired-end sequencing reads were vector trimmed, assembled, and quality-checked via the Joint Genome Institute's GeneLib software package (Kirton, E. unpublished data).
Phylogenetic Analysis of 16S rRNA Sequences. The 351 16S rRNA sequences that passed quality check were prealigned using Greengenes' NAST aligner, and subsequently imported into the Greengenes database 44 in ARB. The alignment was manually refined and a distance matrix was calculated. This distance matrix was used in DOTUR 45 to dereplicate the data set on 97% sequence identity. From the obtained 199 operational taxonomic units (OTUs), one representative each was taken for the subsequent analyses. The sequences were checked for chimeras using Bellerophon 46 and a partial treeing approach 47 and 102 OTUs were considered nonchimeric. A phylogenetic tree was calculated using the neighbor-joining algorithm and the filter lanemaskPH in ARB in order to exclude highly variable positions of the alignment.
PhyloChip Analysis of DNA and RNA. The bacterial (500 ng) and archaeal (100 ng) PCR products of each DNA sample were combined and spiked with known concentrations of synthetic 16S rRNA gene fragments and non-16S rRNA gene fragments as internal standards for normalization, with quantities ranging from 5.02 Â 10 8 to 7.29 Â 10 10 molecules applied to the final hybridization mix. The procedures to fragment, biotin-label and hybridize the targets on the PhyloChips as well as the staining and scanning methods were as previously reported. 39 The algorithm for background subtraction, noise calculation, and detection and quantification criteria were also performed as reported. 39 Analysis of active microbial OTUs was carried out by direct hybridization of the total RNA onto the PhyloChips according to the method previously described, 48 with the exception that the arrays were scaled to 2500.
A total of ten PhyloChips were analyzed in this study, eight for DNA and two for RNA (Supporting Information Tables S1 and  S2 ). Technical replication on the PhyloChip has an average coefficient of variation of 10% for an OTU across arrays, 49, 50 indicating low variation and high reproducibility, and technical replicates were therefore not analyzed here. DNA-PhyloChip analyses were performed on the five samples collected within the treatment plot (July 05, August 05, November 05, February 06, and April 06), the upstream (background) and downstream samples, and the Dehalococcoides-containing enrichment culture used for bioaugmentation. An insufficient mass of PCR products was generated from the baseline sample collected within the treatment plot prior to biostimulation (April 05) to analyze. RNA-PhyloChip analyses were performed on the samples collected during the February 2006 and April 2006 sampling periods. Throughout this study, the samples were referred to by their date or location with "April" referring to the 2006 sample and "FTB" referring to the bioaugmentation culture.
A taxon was considered present in a sample when 90% or more of its assigned probe pairs in a given probe set were positively detected (positive-fraction (pf) g 0.9). When multiple samples were considered, the data set was filtered accordingly based on the positive-fraction cutoff. Unless otherwise stated, analyses in this study were carried out at the subfamily level as a conservative estimate of array specificity and the probe set with the highest normalized array intensity (HybScore) was used as a representative output of a subfamily. Present calls were propagated upward through the taxonomic hierarchy by considering any node (subfamily, family, order, etc) as present if at least one of its subordinate OTUs was present. 41 Hierarchical clustering of samples and subfamilies was performed within the R statistical Environmental Science & Technology ARTICLE environment as previously described. 39 Principal component analysis (PCA) ordination of samples was performed using the software package PC-ORD v5.0 (MjM Software, Gleneden Beach, OR).
Nucleotide sequence accession numbers. The 16S rRNA gene sequences of each representative OTU were deposited in GenBank (Accession no.: HM481300ÀHM481401).
' RESULTS AND DISCUSSION Dechlorination Activity and Groundwater Chemistry. The dechlorination profile of chlorinated ethenes at Ft. Lewis has been reported previously 38 and is shown in Supporting Information Figure S2 . Briefly, during the year-long active remediation process, dechlorination of TCE to mostly cDCE was observed during the first six months of treatment and conversion to VC and ethene was achieved during the last four months. The growth of three distinct populations of Dehalococcoides, measured via quantitative PCR (qPCR) of the unique RDase-encoding genes (tceA, vcrA, bvcA) within each population, was concomitant with the dechlorination of chlorinated ethenes. 38 A number of groundwater chemistry parameters indicative of the prevailing biogeochemical conditions were analyzed (Supporting Information Figure S3 ). Prior to biostimulation with whey, the subsurface groundwater environment was mostly aerobic with close to 2 mg/L of dissolved oxygen. Following whey injection, significant increases in chemical oxygen demand (COD) and organic acids such as lactate, acetate, and butyrate were observed along with simultaneous decreases in dissolved oxygen. Changes in indigenous terminal electron acceptor concentrations such as nitrate, sulfate, and dissolved iron were also measured at the site. Whey that was applied in this study contained sulfate as a byproduct (approximately 13 and 130 mg/L in the 10 g/L and 100 g/L injected whey solutions, respectively) that likely caused the sulfate concentrations to fluctuate while stimulating the sulfate-reducing populations. The pH range at the site tended to remain between 5 and 6.
Richness and Taxonomic Representation. PhyloChip analyses of the DNA in groundwater samples from the Ft. Lewis site were used to comprehensively evaluate the phylotypes represented there, including those present at low abundances. With 8741 bacterial and archaeal taxa on the G2 PhyloChip, over 1300 OTUs were positively detected in DNA from the groundwater, with a similar richness detected in the laboratory-grown bioaugmentation culture containing Dehalococcoides ( Table 1) . As a conservative estimate, the OTUs were summarized to the subfamily level and with this restriction, ∼300 subfamilies were detected (Table 1 ). An OTU on the PhyloChip is defined as exhibiting a 97 to 100% sequence homology, while a subfamily 
Deinococcus-Thermus While analyzing a microbial community via DNA reveals the overall genetic diversity and relative abundance of the constituent OTUs, the metabolic activity of the community members are expected to differ. The activity of different populations can be inferred from the expressed 16S rRNA. 42, 51 When RNA from groundwater samples were hybridized onto the PhyloChip to analyze for the expressed 16S rRNA genes, ∼600 OTUs or ∼180 subfamilies were detected in the February or April samplings (Table 1) . Of the 154 subfamilies that were detected in the rRNA from both the February and April samplings, 98 were also detected in the DNA from the same time point while 146 were detected in DNA from one or more of the time points, demonstrating as theoretically expected, that the subfamilies that were detected in the RNA were also present in the DNA. Table 2 presents a summary of the phylum-level composition of the groundwater analyzed during the February and April samplings, listing the 37 bacterial and 2 archaeal phyla detected in the DNA fraction for both sampling periods. There were sequences from five bacterial phyla that were detected in the RNA fraction but not in the DNA fraction, but only one subfamily was detected for each of these phyla.
In addition to the PhyloChip analysis, a cDNA clone library of the expressed 16S rRNA genes was constructed to further analyze the active community members. The 237 nonchimeric sequences were grouped into 102 OTUs with 97% sequence homology across 14 phyla (Figure 1) , indicating a broad diversity and supporting the richness detected via PhyloChip (Table 1) . In the clone library, a majority of the phylotypes (60%) belonged to the four classes of Proteobacteria with β-Proteobacteria being the disproportionately dominant group (Figure 1) . A relatively large number of phylotypes were also identified from the phyla Firmicutes and Bacteroidetes. Two phylotypes from the phylum Chloroflexi were identified, but neither were identified as Dehalococcoides sequences (closest database matches were to uncultured environmental sequences). The lack of Dehalococcoides detection in clone libraries constructed via universal primers of environmental dechlorinating communities has been previously observed. 33 Given that the more sensitive qPCR method detected only 10 8 Dehalococcoides cells per liter of groundwater at this site, 38 it is clear that even though Dehalococcoides spp. were functionally important at this site, they represent only a small proportion of the community and therefore are difficult to detect with clone libraries. However, Dehalococcoides was detected in the Ft. Lewis samples via the more sensitive PhyloChip in both DNA and RNA (Supporting Information Tables S1 and S2) . Detailed phylogenetic analysis also showed that a number of the phylotypes were not closely related to any previously identified sequences (Supporting Information Figure S4 ) and the clone library significantly under-sampled species diversity, identifying only a small subset of the bacterial phyla that were detected by PhyloChip (Table 2 and Figure 1) .
A number of studies have previously reported the microbial ecology of reductively dechlorinating laboratory enrichment cultures and environmental samples using molecular techniques that target the dominant members of the communities. Bowman et al. 23 summarized the bacterial phylotypes from 16S rRNA clone libraries of four different chlorinated-ethene dechlorinating microbial communities, reporting around ten bacterial phyla per Figure 1 . Phylogenetic tree of the expressed 16S rRNA sequences. Neighbor-joining algorithm with the filter lanemaskPH was used for phylogenetic analysis in order to exclude highly variable positions of the alignment. A total of 102 phylotypes were found (number in brackets) based on 97% sequence homology. Scale bar indicates 10% estimated sequence divergence.
Environmental Science & Technology ARTICLE community. The diversity captured by the PhyloChip was far more comprehensive than previously reported, and was similar to a PhyloChip-analyzed soil sample (∼1250 OTUs detected) that was collected from a uranium contaminated site at the NABIR Field Research Center at Oak Ridge, TN. 41 Interestingly, the observed diversity was not restricted to the environmental samples, but was also a characteristic of the laboratory enrichment culture used for bioaugmentation at Ft. Lewis. Examination of both the DNA and RNA from samples indicated that a relatively large number of subfamilies were from the different classes of Proteobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, and Firmicutes (Table 2) , representing five of the nine phyla that have been typically identified to account for greater than 90% of soil library sequences. 52 The other dominant phyla in soils that were not found to be well represented at Ft. Lewis include Acidobacteria, Verrucomicrobia, Planctomycetes, and Gemmatimonadetes.
Dynamics of the Bacterial Populations within the Treatment Plot. Principle component analysis (PCA) of the DNA hybridization intensity (HybScore) that included any subfamilies that were positively detected in at least one of the samples showed that the eight analyzed samples were unique and that 66% of the data set variance could be explained by two axes (Figure 2) . The two communities that were closely associated were the background sample and the sample collected downstream of the treatment plot, outside the zone of direct whey influence, highlighting the significant influence of exogenous carbon amendment on the microbial community. The time series samples that were collected within the treatment plot showed that over the course of treatment, the community structure was changing continuously, with separation along both axes on the PCA plot relative to the July sample (Figure 2) .
The immediate responses of the microbial community to biostimulation can be seen in changes in HybScores between the background sample and the July treatment plot sample, the first sampling period after whey injection (Figure 3 ). Changes in HybScores are positively correlated to relative abundance, with estimates that a 1000-unit change in HybScore is roughly proportional to a 10-fold change in abundance. 39, 53 Of the 393 subfamilies that responded to whey, 193 showed changes in HybScore of 500 units or more with 121 and 72 subfamilies showing increases and decreases, respectively (Supporting Information Table S3 ). Subfamilies from Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Firmicutes, and all classes of Proteobacteria accounted for 76% of this dynamic subset. Specifically, bacteria in the Bacteroidetes and Firmicutes and those with diverse metabolic capabilities to utilize electron acceptors in the δ-Proteobacteria and ε-Proteobacteria were enriched. Functionally, the presence and activity of the Bacteroidetes and Firmicutes (particularly the Clostridia) likely reflect their roles as fermenters, and this is commonly found in chlorinated-ethene communities. 23, 26, 33, 34 The significant increases in organic acid concentrations (Supporting Information Figure S3 ) also reflected that these fermentative members were active functional members of the community. Dehalococcoides sequences, which are within the Chloroflexi phylum, 13 increased significantly (Δ HybScores = 1400 units). Three OTUs (31, 816, 10439) in the Firmicutes and ε-Proteobacteria that contain known TCE-dechlorinators 13 also showed significant increases in intensity. A relatively large fraction of members that exhibited decreases in abundance following whey injection were from the α-Proteobacteria and β-Proteobacteria, while γ-Proteobacteria was a group that exhibited both increases and decreases in populations (Figure 3) .
Injection of the laboratory-grown bioaugmentation culture did not result in significant immediate changes as the July and August samples were relatively similar to each other according to the PCA plot. Further, the PCA plot shows that the bioaugmentation culture was different from any of the samples collected at Ft. Lewis throughout the study. The bioaugmentation culture was originally seeded with groundwater from the TCE-contaminated Bachman Road aquifer located in Oscoda, MI and the culture was enriched on TCE and lactate for over two years. A pairwise comparison between DNA from the bioaugmentation culture and the sample collected after biostimulation (July) indicated that 202 subfamilies were detected in both communities, while 83 and 76 subfamilies were unique to the bioaugmentation culture and the July sample, respectively.
Clustering analysis of the HybScores of each of the samples indicates that the bacterial populations within the treatment plot after biostimulation with whey were significantly different from the background sample, with the latter forming a separate cluster (Figure 4 , top-axis). As is consistent with the PCA analysis, the July and August samples form a cluster that is separate from the three later samples. Overall, clustering analysis of all the 478 bacterial subfamilies found during the course of treatment identified three distinct groups (Figure 4 , y-axis and Supporting Information Table S4 ).
Cluster group 1 consisted of sequences from 157 subfamilies from 26 phyla whose amplicons exhibited a high relative abundance in the background sample followed by a sharp decline upon whey injection that continued over the course of treatment (Figure 4) . The dominant members in cluster group 1 were from different classes of Proteobacteria (88 subfamilies), especially the α-Proteobacteria (36 subfamilies). Members from the orders of Bradyrhizobiales, Consistiales and Rhizobiales within the α-Proteobacteria, Burkholderiales within the β-Proteobacteria, and Legionellales and Thiotrichales within the γ-Proteobacteria were within this cluster. 
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Cluster group 2 is the largest group consisting of 300 subfamilies distributed over 35 phyla. This cluster had a low relative abundance initially, followed in the first month by an increase then faded toward the end, indicating that these bacteria were initially stimulated by whey but were not sustained at higher relative abundances over the course of treatment (Figure 4) . The dominant members in cluster group 2 were from Actinobacteria (24 subfamilies), Bacteroidetes (25 subfamilies), Firmicutes (66 subfamilies), γ-Proteobacteria (40 subfamilies), and δ-Proteobacteria (25 subfamilies). Fermenters within the orders of Bacteroidales, Flavobacteriales, and Sphingobacteriales in the Bacteroidetes along with Bacillales, Clostridiales, and Lactobacillales in the Firmicutes were within this cluster. Bacteria in the families of Enterobacteriaceae and Pseudomonadaceae within γ-Proteobacteria and Desulfoarculaceae, Geobacteraceae, and Nitrospinaceae in the δ-Proteobacteria were also in cluster group 2.
Cluster group 3 is relatively small with only 21 subfamilies and they remained at a low relative abundance until the February sampling when significant increases were observed (Figure 4) . Members in the Campylobacteraceae family within the ε-Proteobacteria and the Desulfobulbaceae family within the δ-Proteobacteria were representatives of this group. Interestingly, three subfamilies within the candidate phyla OP11 were also in cluster group 3. Cluster group 3 was the only set of bacterial subfamilies that were present at a high density relative to the background toward the end of treatment.
As observed, members within the five classes of Proteobacteria (α, β, δ, ε, γ) were a dynamic component of the microbial community. Members of Proteobacteria tended to show mixed responses after the injection of whey (Figure 3 ) in contrast with the Bacteroidetes and Firmicutes, which tended to show significant increases in all subfamilies. In general, a great variety of physiology and metabolism are found within the Proteobacteria phylum, and many are typical heterotrophic soil microbes that can respire different terminal electron acceptors for growth (oxygen, nitrate, sulfate, iron). 54 Significant enrichment in some of the Proteobacteria subfamilies was concomitant with the decreases in dissolved oxygen, nitrate, and sulfate concentrations as well as the generation of ferrous iron after whey injection (Supporting Information Figure S3 ), suggesting that the diverse microbes were respiring the available terminal electron acceptors. Perhaps because the injected whey contained a background level of sulfate, sulfate-reducers from families such as Desulfobacteraceae, Desulfohalobiaceae, Desulfomicrobiaceae, and Desulfuromonaceae in the δ-Proteobacteria became more active toward the end of treatment.
Dynamics of the Archaeal Populations within the Treatment Plot. After the initial injection of whey, only a small fraction of Archaea showed responses (Figure 5a and Supporting Information Table S5 ). A hierarchical clustering analysis of all the 27 archaeal subfamilies detected in the DNA fraction showed that most of the Archaea remained at a relatively low abundance during the first four months of operation (up to August), but increased significantly from November to April (Figure 5a ). Cluster group 1 contained many methanogens from the Euryarchaeota phylum within the Methanosaetaceae, Methanomicrobiaceae, Methanosarcinaceae, Methanocorpusculaceae, and Methanobacteriaceae families. This cluster exhibited significant increases toward the later part of treatment (Figure 5a ), corresponding with over 2 orders of magnitude increases in methane concentrations detected in the later samples (Figure 5b ) from less than 10 μg/L prior to November to over 7500 μg/L by the end of treatment, and demonstrating the strong correlation between PhyloChip results and corresponding community metabolism. Other members in cluster group 1 included representatives in the families of Thermococcaceae and Halobacteriaceae. Cluster groups 2 and 3 represent a relatively small fraction of the archaeal populations from the C1 and Thermoprotei classes of Crenarchaeota that decreased in relative abundance over time (Figure 5a ).
Methanogens have commonly been observed in dechlorinating microbial communities 33, 34 and can be physically colocated with Dehalococcoides cells as biofloc. 35 Although previous research has shown that hydrogen-consuming methanogens are potential competitors of Dehalococcoides spp. for hydrogen, 22 some methanogens (e.g., Methanosarcina spp.) are known to synthesize corrinoids 55, 56 that might benefit Dehalococcoides spp. as important cofactors for RDases. Interestingly, at this contaminated site, the apparent delay in methanogensis might have been caused by the lower pH (5.2) during the first few months of operation (Supporting Information Figure S3) .
Implications for Contaminated Sites Remediation. Overall, the combination of PhyloChip analyses of DNA and RNA, together with clone library construction performed in this study have provided insights into the in situ microbial ecology and population dynamics at the TCE-contaminated field site undergoing biostimulation and bioaugmentation. Whey was injected into the treatment plots in this study to stimulate the activity of the subsurface microbial community. Of concern initially was the fact that the site was originally aerobic, but based on the PhyloChip results, diverse groups of microorganisms responded and their metabolic activities resulted in a favorable reducing condition for reductive dechlorination. Furthermore, the generated fermentation products supported growth of Dehalococcoides. These results are consistent with previously reported data 38 which showed that Dehalococcoides concentrations increased following biostimulation while TCE was converted to mainly cDCE. Subsequently, during the later part of the treatment, VC and ethene were formed, and further increases in Dehalococcoides were observed. 38 Throughout the study, there was no obvious indication from the molecular data that would suggest an undesirable microbial community structure for support of reductive dechlorination.
During the one-year remediation study at Ft. Lewis, the microbial community remained highly dynamic and steady-state was not reached. By using data from advanced molecular tools such as PhyloChips, practitioners will be able to obtain a comprehensive time-series view of the subsurface microbial community. Such data would complement qPCR results targeting specific key functional dechlorinators (such as Dehalococcoides). Ultimately, by tracking the overall microbial community together with key functional players, informed decisions can then be made regarding how to best manipulate the field conditions to achieve effective bioremediation of chlorinated ethenes.
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